Imprinted genes are expressed from a single parental allele. In mammals, this unusual mode of 27 transcription generally depends on the epigenetic silencing of one allele by DNA methylation 28 (DNAme) established in the germline. While many species-specific imprinted orthologues have been 29 documented in eutherians, the molecular mechanisms underlying the evolutionary switch from biallelic 30 to imprinted expression are currently unknown. During mouse oogenesis, gametic differentially 31 methylated regions (gDMRs) acquire DNAme in a process guided by transcription. Here we show that 32 transcription initiating in proximal lineage-specific endogenous retroviruses (ERVs) is likely 33 responsible for DNAme established in oocytes at 4/6 mouse-specific and 17/110 human-specific 34 maternal imprinted gDMRs (igDMRs). The latter can be further divided into Catarrhini (Old World 35 monkeys and apes)-or Hominoidea (ape)-specific igDMRs, which are embedded within transcription 36 units initiating in ERVs specific to these primate lineages. Using CRISPR-Cas9 mutagenesis, we 37 deleted the relevant murine-specific ERVs upstream of the maternally methylated genes Impact and 38
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Slc38a4. Strikingly, imprinting at these genes was lost in the offspring of females harboring these 39 deletions and biallelic expression was observed. Our work reveals a novel evolutionary mechanism 40 whereby maternally silenced genes arise from biallelically expressed progenitors. 41 42 43 During postnatal oocyte growth in mammals, transcribed genomic regions acquire two characteristic 44 epigenetic marks: transcription-coupled trimethylation at lysine 36 of histone H3 (H3K36me3) 1 and 45 DNAme 2-5 . In both human and mouse female germline, the overall levels of CpG methylation increase 46 from less than 5% in post-migratory primordial germ cells (PGCs) to ~40-50% in fully-grown, 47 germinal vesicle oocytes (GVOs) 4,6-8 Kobayashi: 2013ia}. In growing murine oocytes, 85-90% of this 48 DNAme is deposited over H3K36me3-marked transcribed regions of the genome 3 . Notably, we 49 recently demonstrated that SETD2-dependent deposition of H3K36me3 is required for de novo 50 7 that colonized the primate lineage, including the common ancestors of the Catarrhini. The remaining 4 151 initiate in more ancient elements derived from LTR families common to both primates and rodents 152 (Euarchontoglires) ( Fig. 2a and Supplementary Fig. 1c) . To characterize the relationship between 153
LITs and the imprinting status of these gDMRs in non-human primates, we first determined whether 154 the specific LTR insertions associated with these human placental igDMRs are annotated in the 155 genomes of chimpanzees (Pan troglodytes; Hominoidea lineage) and rhesus macaques (Macaca 156 mulatta; Catarrhini lineage). All 16 relevant LTR insertions are present in the chimpanzee genome. As 157 expected, all 4 insertions from LTR families that colonized the Euarchontoglires common ancestor and 158 6/7 LTR insertions from families that colonized the common ancestor of the Catarrhini are also present 159 in the orthologous loci in macaque. Similarly, the Hominoidea-specific LTR12C and LTR12E families, 160 which include LTRs driving transcripts overlapping the ST8SIA1, SCIN, ZFP90, COL26A1 and SORD 161 igDMRs in human oocytes, are absent from the macaque genome ( Fig. 2a and Supplementary Fig.  162   1c) . 163
164
To assess the conservation of LITs and DNA methylation of associated gDMRs in macaque 165 oocytes, we analyzed published RNA-sequencing 40 and genome wide DNA methylome data 41 . As 166 expected from the phylogeny of LTR12C elements, no LITs overlapping the region orthologous to the 167 human igDMRs at the ST8SIA1, SCIN, or COL26A1 loci were detected in macaque oocytes, and their 168 CGIs remain hypomethylated ( Fig. 2a-c and Supplementary Fig. 4a ). Intriguingly, despite the absence 169 of an LTR12E element, the region syntenic to the human SORD igDMR exhibits high levels of 170 DNAme in macaque oocytes. Inspection of oocyte transcripts around the macaque SORD CGI reveals 171 the presence of a highly transcribed LTR12F element oriented towards the putative igDMR, which may 172 be responsible for deposition of DNAme at this locus ( Supplementary Fig. 4a, b) . 173 174 8
In contrast, LITs initiating in older LTR families that colonized the common ancestor of the 175 Catarrhini or Euarchontoglire lineages show greater conservation between human and macaque 176 oocytes, with 8/13 of such LTR insertions also transcriptionally active in macaque oocytes, a subset of 177 which display similar splicing events in both species (Fig. 2b) . Remarkably, at least 6 of the associated 178
CGIs are also hypermethylated in macaque oocytes (Supplementary Fig. 4a ). For example, de novo 179 methylation of the RHOBTB3 CGI promoter/gDMR in both human and macaque oocytes appears to be 180 the result of a conserved LIT initiating in a MSTA situated >20 kb upstream of the promoter, which 181 clearly splices into the gene in both species (Fig. 2d) . Other examples of LITs apparently conserved 182 between the human and macaque lineages include those associated with the HECW1 (LTR12F), 183 DNAH7 (THE1C), HTR5A (LTR53B), AGBL3 (MER50) and ZC3H12C (MLT1A) putative igDMRs. 184
In contrast, no LITs were detected at 4/11 loci despite the presence of a conserved LTR insertion in the 185 orthologous macaque locus (Supplementary Figs. 4-5). For example, while the igDMR at the 5' end 186 of GLIS3 is embedded within a LIT initiating in an active upstream MSTA in human oocytes, no LIT is 187 detected in the orthologous region in the macaque locus nor is any RNA-seq coverage detected over the 188 MSTA itself ( Supplementary Fig. 5a-b) . 189
190
The lineage-specific expression of orthologous LTRs may be explained by the accumulation 191 over evolutionary time of indels and/or base substitutions that impact their promoter and/or splice 192 donor activity. Indeed, sequence alignment of the orthologous MSTA insertions reveals a number of 193 small deletions and single nucleotide polymorphisms (SNPs) which may impact transcription of the 194 macaque LTR (Supplementary Fig. 5c ). Similarly, despite the presence of a MER51E upstream of the 195 MCCC1 gene, no transcript initiating in this LTR is detected in macaque oocytes and no RNA-seq 196 coverage is detected over the element itself ( Supplementary Fig. 5d-e ). Closer inspection of the 197 MER51E insertions in the macaque locus reveals a number of SNPs and short INDELs relative to the 198 orthologous MER51E in chimp and human, including mutations that likely disrupt an otherwise 199 9 conserved PBX3 binding site that may render the LTR in the former inactive ( Supplementary Fig. 5f ). 200
Taken together, these data indicate that the establishment of DNAme in oocytes at the igDMRs of a 201 number of Hominoid-and primate-specific maternal igDMRs is likely induced by LITs originating in 202 proximal lineage-specific LTR elements actively transcribed during oogenesis. 203
204
Oocyte LITs predict imprinting in primate placenta 205
To establish the imprinting status of these gDMRs in chimp and macaque placenta, we determined their 206 methylation using a targeted high-throughput sodium bisulfite sequencing approach. We focused 207 initially on the ST8SIA1 gene, shown previously to be maternally methylated and paternally expressed 208 in human placenta 23 . The genomic region in chimp syntenic to the human ST8SIA1 igDMR is 209 hypomethylated in adult tissues ( Supplementary Fig. 4a ), but shows a bimodal distribution of 210 hypermethylated and hypomethylated sequenced reads in the placenta ( Fig. 2e and Supplementary 211 Fig. 6a ), indicative of conserved placental-specific ST8SIA1 imprinting within the Hominoidea. In 212 contrast, the syntenic CGI in macaque, as in mouse, is hypomethylated in the placenta ( Fig. 2a, c, e ). 213 Therefore, the presence of an active LTR12C element ~40 kb upstream of the gDMR and its associated 214 LIT are correlated with the imprinting status of the ST8SIA1 promoter. SCIN, which is imprinted and 215 paternally expressed in human placenta 23 , also shows a bimodal distribution of DNAme in the 216 orthologous region in chimp placenta. In contrast, in the absence of an LTR12C insertion or a LIT, the 217 orthologous region in macaque placenta is hypomethylated ( Supplementary Fig. 6a ). On the other 218 hand, despite the presence of a proximal LTR12C element in the chimp (as in the human genome), the 219 regions syntenic to the human igDMRs at the ZFP90 and COL26A1 genes are unmethylated in chimp 220 placenta ( Fig. 2a ), suggesting that, similar to the LTR insertions proximal to the GLIS3 and MCCC1 221 CGI in macaques, these orthologous LTR may be transcriptionally inert in chimp oocytes. This remains 222 to be determined, however, as RNA-seq data from chimp oocytes is currently not available. The 223 regions syntenic to the human SORD igDMR show bimodal DNAme in chimp as well as macaque, 224 10 consistent with the presence of proximal active LTRs in human and macaque oocytes. While the 225 methylation of the macaque SORD locus is likely explained by the alternative LTR12F-initiated 226 transcript described above ( Supplementary Fig. 4b) , it remains to be determined whether an antisense 227 LTR12E-initiated LIT orthologous to that observed in human oocytes is responsible for depositing 228 DNAme over the promoter CGI of this locus in chimpanzees. 229
230
As predicted by the presence of an orthologous LTR12F insertion oriented towards the HECW1 231 gene in both the chimp and macaque loci, the genomic region of shared synteny to the human HECW1 232 igDMR shows a clear bimodal distribution of hypermethylated and hypomethylated reads in the 233 placentae of both species, indicative of conservation of LIT-associated HECW1 imprinting in 234 Catarrhines ( Fig. 2e and Supplementary Fig. 4c ). Moreover, exploiting a single SNP within the 235 HECW1 CGI, we observed clear allelic methylation ( Fig. 2f and Supplementary Fig. 6b ), confirming 236 maternal allele-specific DNAme at the orthologous igDMR. Similarly, analysis of the chimp and 237 macaque genomes in the regions syntenic to the RHOBTB3 igDMR, which is embedded within an 238 MSTA-initiated transcript in both human and macaque oocytes ( Fig. 2d) , reveals that the orthologous 239 locus is also likely imprinted in these species ( Fig. 2e) . Furthermore, analysis of DNAme data from 240 informative trios also reveals maternal-specific DNAme of the igDMRs at the GLIS3 and MCCC1 241 genes in the chimp placenta ( Fig. 2e-f and Supplementary Fig. 6b ). In agreement with the cognate 242 LTR insertions being transcriptionally inactive in macaque oocytes ( Supplementary Fig. 5 ), the 243 genomic regions orthologous to the human and chimp igDMRs at both of these loci are 244 hypomethylated in macaque placentae. Taken together, these observations reveal that transcription 245 initiating within lineage-specific LTR elements in the oocytes of primates likely plays a critical role in 246 the establishment of DNAme at proximal CGIs. The persistence of this oocyte-derived imprint in the 247 placenta of their progeny yields maternal igDMRs that can potentially direct imprinted expression in 248 this extraembryonic tissue, as shown for several human genes. 249 11 250
Muroidea-specific LTRs and maternal igDMRs 251
If the LTRs upstream of the "mouse-specific" igDMRs shown in Fig. 1 are indeed responsible for the 252 establishment of maternal imprinting at these loci, then the orthologous genes should also be imprinted 253 in those species harboring the same active LTR insertions. As the retro-Coro1c retrogene is absent 254 from rats and more distantly related rodents ( Supplementary Fig. 7a ), we focused on the remaining 255 three genes, namely Cdh15, Slc38a4 and Impact and their associated LTRs: MTD, MT2A, and MTC, 256
respectively. All three are present in the orthologous regions of the rat (Rattus norvegicus) genome 257 ( Fig. 3a) , consistent with the fact that these LTR families colonized the common ancestor of the 258
Muroidea ( Supplementary Fig. 1c, 7 ) 18 . In contrast, while the relevant MTD and MT2A elements are 259 also present at the orthologous Cdh15 and Slc38a4 loci in the golden hamster (Mesocricetus auratus), 260 the MTC element upstream of Impact is absent. 261
262
To assess whether the LITs identified at these imprinted loci in mice are also present in rat and 263 golden hamster, we mined published oocyte RNA-seq data 18, 19 . Notably, LITs emanating from the 264 relevant LTRs were clearly detected at Cdh15 and Slc38a4 genes in rat oocytes, while in hamster, a 265 LIT was detected only at the Slc38a4 locus ( Fig. 3a and Supplementary Fig. 7b-d) . In rat, as in 266 mouse 19 , the Slc38a4 LIT overlaps the DNAme block that extends into the 5' end of the gene. In 267 hamster, the MT2A-initiated LIT upstream of Slc38a4 splices into exon 2 of the gene, creating a 268 chimaeric transcript covering the entire gene, including the region syntenic to the mouse igDMR 269 ( Supplementary Fig. 7c ). In contrast, in human oocytes, the SLC38A4 locus is not transcribed and the 270 5' CGI is unmethylated (Fig. 3b) . In the case of Impact, a LIT initiating in a co-oriented upstream 271 MTC element encompasses the entire annotated gene in mouse and demarcates a hypermethylated 272 domain, including the igDMR (Fig. 3b) . Intriguingly, while the syntenic Impact CGI is 273 hypermethylated in rat oocytes, the orthologous rat MTC insertion is apparently oriented on the 274 opposite strand relative to the Impact gene ( Supplementary Fig. 7d ) 42 . Closer analysis of the locus 275 reveals that a transcript encompassing the Impact CGI may originate from a distinct (non-LTR) 276 upstream start site in rat oocytes, but a gap in the reference genomic sequence precludes detailed 277 analysis of the upstream transcript at this locus ( Supplementary Fig. 7d ). Regardless, as in the mouse, 278
Impact is expressed from the paternal allele in rat brain 42 , consistent with epigenetic imprinting of its 279 CGI and imprinted expression. Given the probable conservation of imprinting at Slc38a4 and Impact in 280 the Muroidea lineage, and the location of the intragenic igDMRs near their 5' ends, we focused on 281 these genes for further functional experiments in the mouse. 282 283 An MT2A is required for Slc38a4 imprinting 284
In mouse oocytes, transcription over the Slc38a4 igDMR originates in an H3K4me3 marked MT2A 285 LTR located ~14 kb upstream of the gene, in a sense configuration. The 5' end of the locus is 286 embedded within the LIT, enriched for H3K36me3, and overlaps with a de novo DNAme block that 287 encompasses the igDMR (Fig. 3b ). In addition, our ChIP-seq analysis of RNA pol II in mouse GVOs 288 reveals enrichment consistent with transcription extending from the MT2A through intron 1 of Slc38a4 289 ( Fig. 3b) . Notably, MT2A elements are not generally transcribed at high levels in mouse oocytes, and 290 analysis of all insertions > 450 bp (1,458 in total) indicates that only 16 initiate transcripts in GVOs at 291 detectable levels ( Fig. 3c and Supplementary Fig. 1e ). As the MT2A upstream of Slc38a4 has 292 significantly diverged from the consensus sequence of this relatively old LTR family ( Fig. 3d ) and this 293 LTR is not closely related to the few other MT2A elements active in oocytes ( Supplementary Fig. 8) , 294 its transcriptional activity in the female germline may be due to the acquisition of novel transcription 295 factor binding sites. 296
297
To test directly the role of the upstream MT2A insertion in Slc38a4 imprinting, we generated a 298 638-bp deletion of the MT2A LTR in C57BL/6N (B6) embryonic stem cells using CRISPR-Cas9 and 299 13 flanking guide RNAs ( Fig. 4a, Δ; Supplementary Fig. 9a ). Germline transmission from male 300 chimeras allowed us to establish the Slc38a4 MT2AKO mutant mouse line on a pure B6 background. 301
Heterozygous and homozygous animals were normal and fertile under standard husbandry conditions. 302
In reciprocal crosses involving a wild-type and a heterozygous parent, heterozygotes were recovered at 303 the expected frequency ( Supplementary Table 5 ). We first assessed the effect of the MT2A deletion 304 on DNAme at the Slc38a4 igDMR in fully-grown oocytes using sodium bisulfite sequencing of 11 305
CpG sites within the igDMR located at the beginning of intron 1 (Fig. 4a) . Notably, whereas these sites 306 are hypermethylated in wild-type oocytes, they remain unmethylated in oocytes from females 307 homozygous for the MT2A deletion ( Fig. 4b) . To test for allele-specific transcription, we generated F1 308 progeny from reciprocal crosses with CAST/EiJ (CAST) mice, a hybrid strain background in which 309
Slc38a4 was previously shown to be imprinted 33 . Sodium bisulfite analysis confirmed that the oocyte-310 derived DNAme mark is absent in F1 embryos (E13.5) upon maternal transmission of the 311 Slc38a4 MT2AKO allele ( Fig. 4c) . Consistent with the absence of maternal DNAme, Slc38a4 is expressed 312 from both alleles in E13.5 placenta when the deletion is maternally inherited, while monoallelic 313 imprinted expression from the paternal allele is maintained in paternal heterozygotes ( Fig. 4d-f) . 314
Slc38a4 codes for an amino acid transporter (ATA3) highly expressed in the mouse placenta 33 , 315 suggesting that variations in its overall expression levels might lead to placental and/or growth 316 abnormalities, as described for other imprinted genes. However, we did not observe either phenotype in 317 maternal heterozygotes ( Supplementary Fig. 9c-f ), despite the fact that Slc38a4 mRNA levels increase 318 ~5-fold from E8.5 to E18.5 in wild-type placenta (Fig. 4g) . Consistent with the absence of placental or 319 embryonic growth abnormalities, we found that loss of imprinting and biallelic expression at Slc38a4 is 320 not accompanied by an increase in total mRNA levels in maternal heterozygotes (Fig. 4g) . These 321 results, in accord with previously published findings 43 , suggest that Slc38a4 levels are normalized by 322 transcriptional or post-transcriptional mechanisms in the placenta. Nevertheless, the possibility that a 323 decrease in Slc38a4 mRNA would bring its levels within the dosage-sensitive zone in which imprinting 324 14 of the locus might provide a selective advantage is supported by the abnormal embryonic growth 325 phenotype observed in Slc38a4-null conceptuses (Gavin Kelsey and Miguel Constancia, personal 326 communication). 327 328 An upstream MTC directs imprinting at Impact 329
In mouse oocytes, the Impact gene is transcribed from an unmethylated upstream MTC element in the 330 sense configuration. This LIT splices onto canonical exon 2 of Impact, as supported by RNA-seq 331 data 3,19 and a 5' RACE product from GVOs 14 (Fig. 3b) . As seen at the Slc38a4 locus, the MTC itself is 332 marked by H3K4me3 44 , and RNA pol II, H3K36me3 and DNAme are enriched over the transcribed 333 region, which encompasses the entire Impact locus, including its igDMR and intronic CGI. Using a 334 CRISPR-Cas9 mutagenesis approach similar to the one described for the MT2A at Slc38a4, we 335 generated a mouse line in which a ~3 kb region upstream of the Impact gene, including the full-length 336 MTC element, was deleted to generate the Impact MTCKO allele ( Fig. 5a, Δ; Supplementary Fig. 9b ). 337
Following germline transmission through male chimeras, heterozygous males and females were bred to 338 wild-type B6 mice and heterozygotes were recovered at the expected Mendelian ratios 339
( Supplementary Table 5 ). Maternal and paternal heterozygotes, as well as homozygous mice of both 340 sexes, appear normal and are fertile. As we observed for the MT2A deletion at Slc38a4, the igDMR at 341 Impact fails to acquire de novo DNAme in mature oocytes from Impact MTCKO/MTCKO homozygous 342 females ( Fig. 5b) . 343
344
To study the effect of the MTC deletion on imprinting of the downstream Impact gene, 345 reciprocal crosses were performed between Impact +/MTCKO and CAST mice and embryos were collected 346 at E13.5. DNAme analysis of the Impact igDMR confirmed that DNAme is absent in embryos carrying 347 a maternally-inherited KO allele (Impact MTCKO/+ , Fig. 5c ). Futhermore, allele-specific RT-PCR of head 348 cDNA generated from the same E13.5 F1 progeny revealed that Impact is paternally expressed in all 349 15 samples analyzed, with the exception of embryos in which the MTCKO allele is maternally inherited, 350 in which Impact is expressed from both parental alleles ( Fig. 5d-f ). Consistent with biallelic expression 351 in these Impact MTCKO/C+ embryos, quantitative analysis of total expression levels reveals that Impact 352 mRNA levels are nearly doubled relative to those measured in wild-type controls (Fig. 5g) . To 353 determine whether this loss of imprinting at Impact influences the growth of mutant mice, we 354 measured the weights of males and female wild-type and Impact MTCKO/+ progeny. No significant weight 355 difference was detected through postnatal week 60 ( Supplementary Fig. 9g Here, we uncovered a novel mechanism whereby lineage-specific insertions of LTR 373 retrotransposons, transcriptionally active during oocyte growth, can drive de novo DNAme and 374 imprinting at a nearby gene. CRISPR-Cas9 mutagenesis at two mouse-specific imprinted genes, Impact 375 and Slc38a4, confirmed the key role played by LTR-promoted transcription in guiding imprinting at 376 these two mouse loci. Interestingly, Slc38a4 was previously reported to be imprinted in mouse 377 preimplantation embryos and early extraembryonic tissues in an H3K27me3-dependent manner 47 . 378
However, the broad intragenic domain of H3K27me3 observed in oocytes and on the maternal Slc38a4 379 allele in early embryos 47 is mutually exclusive of the upstream H3K36me3-and DNAme-marked 380 domain described here (Supplementary Fig. 10 ). This observation is consistent with a previous report 381
showing that H3K36me3 inhibits PRC2 activity 48 . Thus, as with canonical imprinted genes, the 382 Slc38a4 igDMR in mice, which overlaps with an annotated TSS of this gene, is enriched for DNAme 383 but devoid of H3K27me3. In addition to our results on the MT2A deletion allele, the importance of the 384 LIT-induced igDMR for allelic usage is also supported by the observation of imprinted expression at 385
Slc38a4 in embryonic and adult epiblast-derived tissues in which the igDMR, but not the intragenic 386
H3K27me3 domain, is present ( Supplementary Fig. 10 ) 33, 49 . The paradoxical critical role of two 387 different maternal epigenetic marks laid down in two different regions of the Slc38a4 locus may be 388 reconciled by the fact that an alternative annotated TSS of the Slc38a4 gene is located downstream of 389 the igDMR and is embedded within the intragenic region enriched for H3K27me3 described by Inoue 390 and colleagues 47 . This alternative TSS is used in adult liver, the tissue showing the highest Slc38a4 391 expression levels after placenta (Supplementary Fig. 10) . Although the igDMR is present in adult 392 liver, Slc38a4 expression is biallelic in this tissue, suggesting that tissue-specific loss of imprinted 393 expression occurs via promoter switching 33 . Thus, depending on the tissue, imprinted expression of this 394 gene likely requires one or the other epigenetic mark. Further studies are required to address this 395 intriguing possibility and to determine whether establishment or maintenance of the igDMR at Slc38a4 396 requires maternal H3K27me3. Notably, although preimplantation maintenance of the maternal DNAme 397 imprint at Impact requires the protective action of the KRAB-zinc finger proteins ZFP57 and ZFP445, 398 the igDMR at Slc38a4 does not 50 . This observation is consistent with a report showing that DNAme at 399 the Slc38a4 igDMR in postimplantation embryos is sensitive to loss of the H3K9 methyltransferase 400 EHMT2/G9A 51 . 401
402
Our observation that 15.5% (17/110) of human-specific and 66.7% (4/6) of mouse-specific 403 maternal igDMRs are potentially induced by ERV promoters highlights the importance of this 404 mechanism and its impact on the evolution of species-specific imprinted genes in mammalian species. 405
Furthermore, our analysis also revealed evidence for convergent evolution of imprinting, where a 406 distinct LTR may be responsible for imprinting in different species (LTR12E/F at the SORD locus in 407 human/macaque for example). Further studies, such as those applied here in the mouse, will be required 408 to determine whether alternative LTRs play a role in the imprinting of such loci in other species. Those 409 species-specific maternal igDMRs not associated with a LIT are likely methylated as a consequence of 410 transcription initiating in novel, single-copy, TSSs active in oocytes (as seen at the rat Impact locus). 411 412 While disruption of imprinting at some maternally silenced genes is associated with severe 413 phenotypic outcomes, consistent with our observations at Slc38a4 and Impact, loss of imprinting and 414 biallelic expression of imprinted genes is not necessarily associated with obvious abnormal phenotypes. 415
Previous studies of the paternally expressed genes Plagl1 3 , Peg3 16 , and Zrsr1 15 for example, revealed 416 only subtle impacts on reproductive fitness following loss of imprinting, although detailed analyses of 417 potential growth-related phenotypes have not always been reported. 418
419
Although the role of active transcription in guiding DNAme of the oocyte genome, including at 420 maternal igDMRs, is well established, the molecular mechanism involved still remains to be elucidated. 421
We recently found that transcription-coupled deposition of H3K36me3 by SETD2 plays a critical role 422 in this process, as DNAme at all maternal igDMRs, including at Impact and Slc38a4, is lost in mouse 423 oocytes in which Setd2 is deleted 9 . Thus, transcription-coupled H3K36me3 deposition is likely the 424 critical common feature for the establishment of DNAme at maternal igDMRs in mammalian oocytes, 425 including at igDMRs embedded within lineage-specific active LTR-initiated transcription units and the 426 novel igDMRs created via retrotransposition within transcribed genes. 427 428 A link between genomic imprinting and repetitive elements was explored previously by several 429 authors, who proposed that the function of DNAme as a host defense mechanism might have been co-430 opted for allelic silencing at imprinted genes 52-55 . However, this hypothesis is inconsistent with our 431 current understanding of de novo DNAme in the female germline, a process that is intimately 432 associated with transcribed regions, which include imprinted gDMRs. Indeed, the mechanism we 433 uncover here explains the establishment of DNAme imprints at single-copy CpG-rich regions that are bimodal DNAme in the placenta and/or at least one somatic tissue. A "bimodal" DNAme pattern is a 458 specific class of sequences methylated at ~50% for which individual DNA sequencing strands from 459 WGBS datasets, although not overlapping a SNP with known parental origin, are either fully-(hyper) 460 methylated or un-(hypo-) methylated. If the DNA sequence analyzed also encompasses a SNP, the 461 bimodal pattern can be described as "allelic" when all hypo-or all hyper-methylated strands contain the 462 same variant at the SNP: only one of the parental alleles is methylated. Only when the parental origin 463 of the sequence variants of this SNP is known in a given sample, can the allelic DMR be referred to as 464 imprinted (maternally or paternally methylated). In total, 125 human igDMRs (46 of which are 465 associated with reported paternal-biased transcription of the nearby gene) and 21 mouse igDMRs (all 466 with reported paternal-biased transcription) are presented and analyzed in Supplementary Table 2 . 467 Syntenic regions between the mouse (mm10) and human (hg19), as well as chimpanzee (panTro4), 468 20 macaque (rheMac8), rat (rn6) and golden hamster (mesAur1) genomes were obtained using the 469 Liftover tool from the UCSC Genome Browser (http://genome.ucsc.edu/){Haeussler:2019jw}. 470 471
Identification of LTR transcripts overlapping igDMRs. 472
Oocyte RNA-seq libraries (see Supplementary Table 1) for chimpanzee and rhesus macaque CGIs (Supplementary Table 4) . PCR were performed under the 509 following conditions: 1 min at 94 °C, then 40 cycles of 30 sec at 94 °C, 30 sec at 57 °C, 30 sec at 72 510 °C, and 5 min final elongation at 72 °C. PCR products were purified with QIAquick PCR Purification 511 Kit (Qiagen). Sanger sequencing was carried out for each amplicon using the BigDye Terminator v3.1 512
Cycle Sequencing Kit and the ABI 3130xl DNA Analyzer (Thermo Fisher Scientific). The sequencing 513 data were assembled using ATGC sequence assembly software (bundled with GENETYX Ver. 14, 514
Genetyx Corporation) to identify SNPs at a given loci and determine the genotypes for each individual 515 samples ( Supplementary Table 4 ). Genomic DNA (100 ng per sample) was treated with sodium 516 bisulfite using the DNA Methylation Gold Kit (Zymo Research). The bisulfite-treated DNA was PCR-517 amplified with TaKaRa EpiTaq HS (TaKaRa Bio) with primers specific for chimpanzee and rhesus 518 22 macaque CGIs (Supplementary Table 4) . PCR were performed under the following conditions: 1 min 519 at 94 °C, then 35-37 cycles of 30 sec at 94 °C, 30 sec at 57 °C, 30 sec at 72 °C, and 5 min final 520 elongation at 72 °C. PCR products were purified with QIAquick PCR Purification Kit (Qiagen). 521
Amplicons were tagged using NEB Next Ultra II DNA Library Prep Kit for Illumina (NEB) with 5 522 thermal cycles for amplification and subjected to paired-end sequencing on a MiSeq platform using 523
MiSeq Reagent Nano Kit v2, 300 Cycles (Illumina). We used the QUMA website 524 cloned as a ~110-bp SapI-XbaI fragment into pPuro2-hU6-gRNA-CBh-Cas9. For each deletion, we 560 designed 4 different sgRNAs, 2 targeting each side of the ERV ( Supplementary Fig. 9 ), and tested the 561 efficiency of each individual guide using an endonuclease assay. For these assays, 1 µg of each 562 sgRNA plasmid were transfected in C57BL/6N C2 ESCs 75 by lipofection (Lipofectamine 2000, 563 ThermoFisher). After 16 hours, puromycin selection (4 µg/ml) was started and continued for 48 hours, 564 after which the cells were grown without selection for 5 days. Whole cell populations were collected 565 and prepared for PCR by HotSHOT 76 . Genomic PCR was performed with primers flanking the sgRNA 566 site ( Supplementary Table 4 ) and purified amplicons were melted, reannealed, and then digested 567 using T4 Endonuclease I (NEB). Cut/uncut ratios were calculated following agarose gel electrophoresis 568 24 and the most efficient sgRNA pairs were chosen for subsequent use. For each deletion, sgRNA plasmid 569 pairs (total of ~ 10 µg) were electroporated into C2 cells as previously described 75 . After 48h of 570 puromycin selection, cells were grown in ESM for 7 days. Single colonies were picked and expanded, 571 then screened for full-length LTR deletion by PCR, Sanger sequencing, and chromosome contents. 572
Euploid lines containing full-length deletion were selected for aggregation chimera production. 573 574 Aggregation chimera production. Blastocysts were collected at E3.5 from female albino C57Bl/6J-575 TyrC2J mice following natural mating, and placed in a 200ul drop of KSOM overlaid with embryo-576 tested mineral oil and incubated at 37°C until ready for injection. Pooled clones of Slc38a4 LTR KO 577 (#1, #2 and #10) or Impact LTR KO (#3 and #5) ESCs were suspended in injection media (DMEM 578 with HEPS + 25% KO ES media without LIF/2i), and blastocysts were injected with 8-10 ES cells per 579 embryo. After injection, 10-20 embryos were implanted into E2.5 pseudo pregnant mice via uterine 580 transfer. In total, 28 and 7 chimeric pups were born for the Slc38a4 MT2AKO and Impact MTCKO mutant 581 ESCs, respectively. From these, at least three chimeric males per line transmitted a deletion allele. 582
Transgenic mice were bred and maintained in the Centre for Disease Modelling, Life Sciences Institute, 583
University of British Columbia, under pathogen-free conditions. In all heterozygous genotypes, the 584 maternally-inherited allele is always presented first. 585 586 Allele-specific expression analysis. E13.5 embryos and placentae were dissected from reciprocal F1 587 crosses between heterozygous LTR KO animals on the C57BL/6 background and WT CAST mice. 588
Embryonic heads for the Impact MTCKO and placentae for the Slc38a4 MT2AKO crosses were used 589 for RNA extraction using Trizol (ThermoFisher). RNA was DNase I-treated (Fisher) at 37 °C for 1 h, 590 then heat inactivated at 65 °C for 15 min. cDNA was synthesized with MMLV-RT (ThermoFisher) 591 using N15 oligonucleotides. RT-PCR was performed with primers described in Supplementary Table 4,  592 and purified PCR products were subjected to restriction enzyme digestion (PvuII for Slc38a4 or MluCI 593 25 for Impact) and resolved on a 2% agarose gel. Uncut PCR products were sent for Sanger sequencing, 594 and .ab1 files were analyzed using the PHRED software 595 (http://www.phrap.org/phredphrapconsed.html). 596 597 Bisulfite sequencing. E13.5 embryos and placentae were dissected from reciprocal F1 crosses between 598 heterozygous LTR KO animals on the C57BL/6 background and wild-type CAST/EiJ mice obtained 599 from the Jackson Laboratory (stock number 000735). Bodies were minced and gDNA was extracted by 600 proteinase K digestion followed by Phenol:Chloroform extraction. 100ng of gDNA was vortexed to 601 shear the DNA, denatured in 0.2M NaOH, bisulfite converted in 0.225M NaOH; 0.0125% 602 hydroquinone; 4M NaHSO3 overnight at 50°C, cleaned using the Wizard DNA cleanup kit (Promega) 603 and desulfonated in 0.3M NaOH at 37°C for 30 minutes. Oocytes were harvested from females of the 604 appropriate genotype at 21-28 days of age. GVOs were isolated by passing dissected ovaries through a 605 surveyed is shown below. Symbols for DNAme are as in a. Note that the MER51E in the macaque 875 MCCC1 locus is transcriptionally inert, likely due to macaque-specific SNPs rendering it 876 transcriptionally inactive ( Supplementary Fig. 4d-f 
